On Optimization and Read-out Resolution of the Zero Power Sensor by Song, Jinsong
Song Jinsong
On Optimization and Read–out
Resolution of the Zero Power Sensor
School of Electrical Engineering
Thesis submitted for examination for the degree of Master of
Science in Technology.
Espoo 16.9.2012
Thesis supervisor:
Prof. Antti Ra¨isa¨nen
Thesis instructor:
Docent Ville Viikari
A! Aalto UniversitySchool of ElectricalEngineering
aalto university
school of electrical engineering
abstract of the
master’s thesis
Author: Song Jinsong
Title: On Optimization and Read–out Resolution of the Zero Power Sensor
Date: 16.9.2012 Language: English Number of pages:8+59
Department of Radio Science and Technology
Professorship: Radio Engineering Code: S-26
Supervisor: Prof. Antti Ra¨isa¨nen
Instructor: Docent Ville Viikari
Wireless sensors are emerging these days. In certain applications, they reduce in-
stallation complexity and maintenance costs. However, there are still limitations
with the current passive wireless sensors such as a short detection distance and
limited parameters to monitor.
In this thesis work, we further develop a new concept called Zero Power to over-
come challenges related to the state-of-art of passive wireless sensors. Zero Power
sensor is claimed to exhibit a long read-out distance and being capable to mon-
itor several quantities. The concept utilizes the intermodulation communication
principle, in which the sensor reflects a signal which contains sensing information
at the intermodulation frequency while illuminated by the reader device at two
closely located frequencies.
A wired sensor prototype is fabricated. The sensitivity of the sensor is experi-
mentally characterized and the achievable read-out resolution, which defines the
smallest detectable relative change in the sensor capacitance, is theoretically pre-
dicted for the first time. After the first prototype, the optimization theory of the
sensor circuit is established. Based on the theory, the sensor circuit is optimized
to achieve the best resolution. A conjugate matched antenna for the sensor is
utilized to reduce the complexity of the sensor circuit and the energy consump-
tion. An optimized sensor with an antenna is manufactured. The sensitivity of
the optimized sensor is experimentally characterized and the achievable read-out
resolution of the optimized sensor is estimated. Finally, a wireless ECG (Electro-
cardiography) measurement is demonstrated with the optimized sensor.
According to the experimental results, the sensor can offer 1 % relative resolution
(1 % change in the sensor capacitance can be detected) at 13 m distance.
Keywords: Conjugate Matching, Intermodulation Response, Mixers, RFID,
Read–out Resolution, Sensitivity, Wireless Sensor
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Symbols
γ Profile parameter for depletion capacitance
λ Wavelength
Φ Built-in potential for diodes
ω Angular frequency
ω1, ω2 Carrier angular frequency
ω∆ Difference angular frequency, ω∆ = ω1 − ω2
ωIM Intermodulation angular frequency, ωIM = 2ω1 − ω2
a Length of the dipole extension
b Length of the dipole
c Width of the loop of the dipole
C0, Cq Capacitance of quartz crystal
Cj(Vj) Junction capacitance at Vj
Cj0 Junction capacitance at zero bias
Cs Sensor capacitance
d Thickness of the substrate
f Frequency
f1, f2, fRF Carrier frequency
f∆ Difference frequency, f∆ = f1 − f2
fo Oscillation frequency of quartz crystal
fo,∆ Difference resonance frequency
fo,RF Carrier resonance frequency
fIM Intermodulation frequency, fIM = 2f1 − f2
Gr Reader antenna gain
Gs Sensor antenna gain
Gm, Gd, Gs Conductance of circuit
Ij Current of equivalent Norton current source
Ij,m Modulated current of equivalent Norton source
Ij(ω∆) Current of Norton source at ω∆
Is Saturation current
k Boltzmann’s constant
LRF , L∆, Lg, Lq Inductance of circuit
Lport1−sensor, Lport3−sensor, Lsensor−port2 Attenuation of cable
n Ideality factor
Pin, P1, P2 Input power
PNoise Noise power
Prad Power radiated by sensor antenna
Psensor,received Power received by sensor
Psensor,reflected Power reflected from sensor
Pt Transmitted power
PV NA,received Power received by VNA
vii
PV NA,transmitted1 Power transmitted from port 1 of VNA
PV NA,transmitted3 Power transmitted from port 3 of VNA
q Elementary charge
Qj(Vj) Charge stored in diode when the bias voltage is Vj
Q∆ Quality factor of resonance circuit at ω∆
QRF Quality factor of resonance circuit at ωRF
Qm, Qd, Qs Quality factor at low resonance circuit
Rd Diode resistance
Rg Antenna resistance
Rq Resistance of quartz crystal
Rs Junction resistance at zero bias
Sgj Scatter parameter from antenna to mixing diode
Sjg Scatter parameter from mixing diode to antenna
SIM , SIM,measured, SIM,calibrated Scatter parameter of intermodulation response
T Temperature
Vj Bias voltage across varactor
Vg Voltage across antenna
VIM Voltage at intermodulation frequency
Vj Voltage across junction of diode
Vj(ω∆) Voltage across junction of diode at ω∆
Vj(ωIM) Voltage across junction of diode at ωIM
Y1, YLF Admittance of circuit
Z2, ZA, ZN , ZS Impedance of circuit
Operators∫
dVj Integration with respect to Vj
d
dt
Derivation with respect to t
∂
∂Cs
Partial derivation with respect to Cs
Abbreviations
AWR A circuit simulator, AWR Corporation, 1960 E. Grand Avenue Suite 430
DC Direct Current
ECG Electrocardiography
Fimecc Finnish Metals and Engineering Competence Cluster
FSPL Free Space Path Loss
HFSS High Frequency Structure Simulator, ANSYS, Inc. Canonsburg, PA 15317
HRV Heart Rate Variability
viii
IC Integrated Circuit
IM Intermodulation
MEMS Microelectromechanical Systems
PCB Printed Circuit Board
RFID Radio Frequency Identification
SAW Surface Acoustic Wave
SMC Scalar Mixer Converter
VNA Vector Network Analyser
WSN Wireless Sensor Networks
1 Introduction
1.1 Wireless sensors overview
Nowadays, there is an increasing interest in applications of Wireless Sensor Networks
(WSN) [1] in various fields, such as environment monitoring [2], building security
management [3] and target tracking [4]. Wireless sensors [5] are measurement tools
equipped with transceivers to convert signals from sensor elements into a radio
transmission. The radio signal is interpreted by a reader device which then converts
the wireless signal to a specific desired output, for instance, an analog voltage or a
digital signal in a computer. Compared with wired sensors, wireless sensors have
several advantages. These include:
• Reduced complexity
Wireless sensor devices can be placed at locations that are challenging
to access with a cable because of some specific conditions such as high
temperature [6], pressure [7], and hazardous environments. Wireless sen-
sors can also be used in applications where wired read–out is difficult, for
instance, due to sealed, moving or rotating parts (See Fig. 1) [8].
Figure 1: Photograph of a tire pressure sensor.
• Reduced installation and maintenance costs
2Wireless process control can reduce the cost of monitoring and running a
factory by eliminating the need for extension wires, conduits, and other
costly accessories. The installation of a wireless sensor system may be less
laborious than that of a wired sensor network.
However, wireless sensors also have some drawbacks such as comparatively low speed
of communication, limited read–out distance due to attenuation and interference,
security issues because of the uncontrollable propagation of signal waves, and limited
lifetime of battery–powered sensors.
Wireless sensors are often divided into three categories based on their need for
a power source and communication principle.
1.1.1 Active sensors
Active wireless sensors are equipped with transceivers and are often equipped with
a battery. Even a low-power transceiver offers a communication range of up to 100
meters. The price of an active sensor is potentially much higher than that of a
passive sensor due to its more complex circuitry [9], and the battery on board limits
its life time. Active sensors are applied for example to monitor the active volcano,
Reventador, by Harvard University [10], can be used for rapid information retrieval
[11], and have been developed towards extending operational lifetimes [12].
1.1.2 Semi–passive sensors
Semi–passive sensors contain a battery that powers up an IC-circuitry and enables
the sensors to operate independently of the reader device or to maintain memory in
the sensor. However, the communication with the reader is yet completely passive,
no power of the battery is used for transmitting [13]. Relying on the modulated
backscattering principle, the sensor simply reflects back some of the power emitted
by the reader device. Semi–passive tags can often be used to monitor environmental
variables, such as temperature [14], and will be developed to outfit with light [15]
and gas concentration [16] sensors.
31.1.3 Passive sensors
Passive sensors do not require any power source other than electromagnetic energy
from the reader device. Their physical dimensions are small and lifetime long. The
advantages of passive sensors over active and semi-passive sensors are that they
are potentially more inexpensive and their operation conditions or life-time are not
limited by the power source, such as a battery or an energy harvester. The typical
reading range is between 10 cm and 3 m [17]. Typical types of passive wireless
sensors [18] are RF identification (RFID) [17], surface acoustic wave (SAW) RFID,
electrical resonance circuit sensors, harmonic sensors, and intermodulation sensors.
RFID has become commercially significant in recent years and it has replaced
barcodes in many identification applications. The advantages of the RFID over
barcodes are that no optical line-of-sight is needed and hundreds of tags can be read
at a time [20]. RFID uses radio–frequency electromagnetic field to transfer stored
Reader device RFID tags
EM wave emitted 
by the reader
“1 0 1 0 1”
ID information
Figure 2: Backscattering communication principle in a RFID system.
identification information from a tag attached to an object. RFID is based on the
backscattering communication principle (see Fig. 2). Passive RFID is powered
by the electromagnetic field emitted by the reader device and it backscatters the
identification information which is stored in the electronic circuit of the tag. The
read–out distance, which is limited by the power need of the integrated circuit (IC),
4can be up to several metres.
RFID has been widely utilized in industrial automation applications. For ex-
ample, RFID used in the paper industry would make it possible to identify the
individual reels from cradle to grave [21]. RFID attached to an automobile can be
used as quality tracking in the assembly line [22]. The focus for developing RFID
has been mainly on identification [17], but will increasingly be on other possible
applications such as on sensing [23].
A SAW sensor [24] consists of a piezoelectric substrate which supports the metal
parts, and a transponder antenna. The operation principle is shown in Fig. 3. The
antenna receives the electromagnetic signal and the interdigital transducer applies
an electric field to a piezoelectric material which generates surface acoustic waves.
The waves propagate over the surface of the piezoelectric crystal and are partly re-
flected from the reflectors. Then the reflected acoustic waves are converted back to
electromagnetic field at the interdigital transducer, and emitted back to the reader
device by the transponder antenna. Since the SAW propagation properties of piezo-
Reader
Device
. . .
Piezoelectric 
Crystal Substrate
Interdigital
Transducer
Transponder 
Antenna
Reflector
Request Signal
Mechanical 
Acoustic Wave
Response Signal
Reader 
Antenna
Figure 3: SAW principle.
electric material (e.g. velocity) depend on the physical or chemical quantities such
as temperature or pressure, a change of the reflected acoustic wave can be detected
correspondingly thus making the sensing possible. SAW sensors have been devel-
oped for decades, and have been used in many applications such as non–contact
5measurement of temperature, pressure and torque [25]. High sensitivity, intrinsic
reliability, and competitive price are the benefits of SAW sensors. Still, the rela-
tively large size and short read–out distance due to high acoustic loss [26] limit their
applicability in some cases.
Inductively coupled electrical resonance-circuit sensors are parallel–connected
LC circuits. The inductance or capacitance (L3 and C2 in Fig. 4) is sensitive to a
physical quantity and therefore the measured quantity also affects the resonance of
the sensor [27] [28]. One weakness is that the read–out distance can not be too long
Reader Device
R2
L2L1
R1
M
V1 C2
Sensor
L3
Figure 4: Electrical equivalent circuit for the inductively coupled electrical
resonance-circuit sensor.
because of the demand for near–field coupling (M in Fig. 4) to the reader device.
This kind of sensors have been utilized to measure strain [27] and monitor pH [29].
Mixer or harmonic sensors utilize mixing diodes or other elements to generate the
sensor response at a harmonic or intermodulation frequency when communicate with
a reader device. Although most mixer sensors operate at microwave frequencies, it
is declared that improved spatial localization can be obtained by using an optical
excitation [30].
Harmonic radar and tags are developed based on the harmonic principle: the
tag receives power at the fundamental frequency from the radar device and reflects
back the sensor data at a harmonic frequency. As is shown in Fig. 5, a simple
harmonic sensor consists of a dipole antenna, a Schottky diode generating harmonic
frequencies and an inductive loop to enable the matching between the diode and
6antenna such that the highest power of the second harmonic frequency deliver to
the dipole antenna [31]. Harmonic sensors were initially developed for automotive
Reader 
Device
Schottky 
Diode
Dipole
RX
2f
Harmonic tag
TX
f
Figure 5: Working principle for harmonic sensors.
vehicles [32] and can provide a good performance for target tracking in a high clutter
environment [33]. Harmonic radar and tags have been used to track insects in
biological experiments [34] and to find avalanche victims [35].
Intermodulation sensors are harmonic sensors which utilize an intermodulation
principle for communication (see Fig. 6). In this principle, the reader transmits
a signal containing two frequencies close to each other. The signal, while received
by the sensor, is applied to a mixer which generates intermodulation frequencies.
The sensor can be designed such, that the intermodulation response is sensitive
to a measured quantity. It was first declared that this principle was suitable for
telemetry [36] and later was applied to a wireless ferroelectric temperature sensor
[37]. Compared with the harmonic principle, the intermodulation principle offers
Sensor 
device
Reader 
device
Figure 6: Intermodulation read–out principle.
a smaller frequency offset, which simplifies circuits and antenna design, leading to
7smaller sensor size. In general, high carrier frequencies can be used with intermod-
ulation principle and the read–out distance can be longer than that of other passive
sensors.
1.2 Zero Power project
The work for this thesis has been performed as part of the Zero Power project
at VTT, which is a part of Finnish Metals and Engineering Competence Cluster
(Fimecc). The aim of this project is to design a new passive, low power consump-
tion sensor network which ensures new systems with significantly reduced life–cycle
costs through energy saving, enhanced control of machines and systems, and lower
requirement for maintenance. The requirements for Zero Power sensor are
– Wireless operation.
– Low maintenance costs.
– Reliable operation in harsh conditions.
– Low cost of sensor nodes.
– Possibility to monitor several different quantities.
However, the current passive wireless sensors can not meet the objective of the Zero
Power project due to the limitations such as: they provide a relatively short detection
distance, can be used to monitor only relatively small number of parameters, and
are expensive. In this project, a passive wireless sensor utilizing the intermodulation
communication principle is developed to meet the objectives.
1.3 Aims and organization of the thesis
The purpose of this thesis work is to characterize Zero Power sensors at 866 MHz
in terms of read–out resolution and to optimize the sensor platform to obtain the
highest sensitivity, and finally to design a matched antenna to achieve the highest
possible read–out resolution.
8The thesis is organized as follows: Firstly, the principle of intermodulation read–
out technologies is introduced in Chapter 2. Secondly, measurement on the perfor-
mance of the first prototypes based on intermodulation read–out principle is carried
out in Chapter 3. Then in Chapter 4, after getting a solid conclusion that this
principle works well, a theory of optimization of the sensor is setup, and the sensor
is optimized to obtain the best performance. One antenna is designed for the sensor
and the sensor performance is measured wirelessly in Chapter 5. Finally, Chapter 6
concludes the work and discusses possibilities for future work on the project.
92 Intermodulation read–out principle
The intermodulation read–out principle described in [18] is further illustrated in Fig.
7. The reader device sends two frequencies, f1 and f2, which are close to each other.
The two signals received by the sensor antenna (represented as a voltage source) are
mixed together in the mixing diode (shown as a varactor in Fig. 7), which gener-
ates a current at a difference frequency f∆ = f1 − f2 as well as other frequencies
(e.g. f1 − 2f2). The current at the intermodulation frequency generated in the
diode is represented with a current source in parallel with the diode. The voltage
across the diode at the intermodulation frequency depends on the current and the
total admittance in parallel with the current generator. The generated signal at the
difference frequency further mixes with the original input signals, resulting in the
intermodulation frequency 2f1− f2. Since the impedance at the different frequency
f∆ is affected by the low-frequency resonance circuit whose resonance impedance
is controlled by the sensing element, the voltage at the difference frequency con-
tains the sensor data, and thus the sensor data can be read out by recording the
intermodulation response.
RdRg
Vg
Y1
Z2
Vj
YLF
Varactor Low-frequency 
resonance circuit
Antenna Matching circuit
Ij
f1, f2
f1-f2 ,
f1-2f2 , 
...
f1-f2
2f1-f2
Figure 7: Electrical equivalent circuit of the sensor device.
In the following, a small signal intermodulation response for the sensor is derived
following the analysis presentated in [18]. The analytical expression for the response
can be utilized to evaluate the measured sensor data. The sensor device typically
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consists of four parts: antenna, matching circuit, mixing varactor, and low frequency
resonance circuits (see Fig. 7).
2.1 Intermodulation response of the sensor
The voltage produced by the antenna is given as
Vg = 2
√
2PinRg(sinω1t+ sinω2t)
= Vˆg(sinω1t+ sinω2t),
(2.1)
where Pin is the power received at each frequency, Rg represents an antenna resis-
tance, ω1 and ω2 are the two frequencies emitted by the reader device. Consider the
simple equivalent circuit in Fig. 7, the S parameter Sgj, ratio between the voltage
of the mixing diode and the voltage across the antenna is given as
Sjg =
Vj
Vg
=
Yd
jωCj0[Z2(Yd + YLF ) + 1 +Rg[Z2Y1(Yd + YLF ) + Y1 + Yd + YLF ]]
,
(2.2)
where Yd =
1
Rd +
1
jωCj0
is the admittance of the varactor diode in the small signal
region, Cj0 is the junction capacitance at zero bias, and Rd is the series resistance
of the varactor diode. For a Schottky varactor, the unbiased junction resistance
parallel to the diode is typically very large, and can thus be omitted. The junction
capacitance as a function of voltage across the varactor is presented as [38]
Cj(Vj) =
Cj0
(1− Vj
Φ
)
γ , (2.3)
where γ is the profile parameter for the depletion capacitance and Φ is a built–in
potential. The charge stored in the capacitor is calculated by the integration as
Qj(Vj) =
∫
Cj(Vj)dVj =
ΦCj0
1− γ (1−
Vj
Φ
)
−γ+1
, (2.4)
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where a possible constant charge is neglected. The second–order Taylor’s approxi-
mation for (2.4) is
Qj(Vj) ≈ Cj0Vj + γCj0
2Φ
Vj
2. (2.5)
The current produced by the charge stored in the capacitor can be seen as an
equivalent Norton current source (see Fig. 7), which is parallel to the varactor
diode,
Ij =
dQj(Vj)
dt
=
dCj0Vj
dt
+
dγCj0V
2
j
2Φdt
. (2.6)
Eq. (2.6) could be rewrited as
Ij =
dQj(Vj)
dt
≈ jωCj0Vj + γCj0
2Φ
d
dt
(V 2j ). (2.7)
The first term represents the current of a typical voltage–independent capacitor,
whereas the second term produces the mixing terms of the two frequencies. The
modulated current of the equivalent Norton current source is achieved by substitut-
ing (2.1) and (2.2) into (2.7),
Ij,m ≈
γCj0Vˆ 2g
2Φ
d
dt
(Sjg(ω1) sinω1t+ Sjg(ω2) sinω2t)
2. (2.8)
Thus the current at the difference frequency f∆ = f1 − f2 is given as
Ij(ω∆) ≈ jω∆
γCj0Vˆ 2g Sjg(ω1)Sjg(ω2)
2Φ
cosω∆t. (2.9)
The junction voltage at the difference frequency is given as
Vj(ω∆) ≈ jω∆
γCj0Vˆ 2g Sjg(ω1)Sjg(ω2)ZN(ω∆)
2Φ
cosω∆t, (2.10)
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where ZN is the impedance of the equivalent Norton current source
ZN =
1
jωCj0 +
1
Rd +
1
YLF +
1
Z2 +
1
Y1 +
1
Rg
. (2.11)
The current at the difference frequency then actuates the low frequency resonance
circuit and causes a voltage across the diode, which mixes with the fundamental
frequencies ω1, ω2, producing intermodulation frequencies. The voltage across the
diode at the intermodulation frequency ωIM = 2ω1−ω2 is calculated by substituting
(2.1), (2.10), and (2.11) into (2.7) as follows:
Vj(ωIM) ≈
ω∆ωIMγ
2C2j0Vˆ
3
g S
2
jg(ω1)Sjg(ω2)ZN(ω∆)ZN(ωIM)
4Φ2
sinωIM t. (2.12)
The S parameter Sgj is then calculated as
Sgj =
Vg
Vj
=
1
Rd[Y1 + 1/Rg + YLF + YLFZ2(Y1 + 1/Rg)] + Z2(Y1 + 1/Rg) + 1
.
(2.13)
Finally, the intermodulation response SIM is given as
SIM =
Vg(ωIM)
Vg(ω1)
≈ ω∆ωIMγ
2C2j0Vˆ
2
g S
2
jg(ω1)Sjg(ω2)Sgj(ωIM)ZN(ω∆)ZN(ωIM)
4Φ2
.
(2.14)
It should be noticed that there are several ways to generate the intermodulation
frequency 2f1 − f2 from Taylor’s approximation. Three main ways are shown in
Fig. 8. In practice, the current generated by higher order terms and higher number
of consecutive mixing processes are weak and neglected. It is declared that the
intermodulation currents generated by the first and third processes in Fig. 8 are not
important in this application because they are independent from resonance at the
low-frequency circuits and the different frequency f∆ [18]. The current produced by
the second process in Fig. 8 depends on the difference frequency (ω1 − ω2 in red
13
Third-order term
Second-order 
term
I ~ V3
1
2
21  
12
212  
I ~ V2
1
2
I ~ V2
1
2
I ~ V2
I ~ V2 212  
212  
1
2
Figure 8: Three different mixing processes that generate an intermodulation fre-
quency.
frame) and can be applied for the sensor read–out.
Applying the previous analysis to the sensor circuit of Fig. 9, an intermodulation
response is achieved under the assumption of f∆  fRF/QRF
SIM ∼ Q
4
RF
(Q2RF (
f 20,RF − f 2RF
f 20,RF
) +
f 2RF
f 20,RF
)2
× Q∆√
(Q2∆(
f 20,∆ − f 2∆
f 20,∆
) +
f 2∆
f 20,∆
, (2.15)
where QRF = 1/(2pif0,RFRRFCj0) and Q∆ = 1/(2pif0,∆R∆Cj0) are the quality
factors of the two resonance circuits at the carrier resonance frequency f0,RF =
1/(2pi
√
LRFCj0) and the difference resonance frequency f0,∆ = 1/(2pi
√
L∆Cj0). The
Varactor
Difference 
frequency resonance
RF-resonance
RFR RFL
gV
jV
jI
R L
Figure 9: Simplified equivalent circuit of the sensor.
above equation shows that the intermodulation response SIM is proportional to the
quality factor of the low frequency circuit directly. Thus it is important to achieve
high quality factors to obtain long read-out distance.
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3 The first sensor prototypes
3.1 Equivalent circuit of the sensor
A mechanical resonator (quartz-crystal) is used to replace an inductor since quartz
crystal resonators tend to exhibit higher quality factor and equivalent inductance
for a given self-resonate frequency as compared with electrical inductors [19]. The
equivalent circuit with a quartz-crystal is shown in Fig. 10. The capacitive sensor
RdRg
Vg
Y1
Z2
Vj
Varactor 
diode
Low-frequency 
resonance circuit
Antenna Matching circuit
Ij
Quartz  
crystal
Sensor element
Figure 10: Electrical equivalent circuit for the sensor with a quartz-crystal.
element is aligned in parallel to the crystal in the low frequency resonance circuit
such that the capacitance tunes the resonance frequency of the low-frequency circuit
and affects the intermodulation response.
3.2 Prototypes at 1.2 GHz and 2.1 GHz
The first prototype sensors were manufactured to experimentally verify the inter-
modulation response theory. Based on the circuit in Fig. 10, two prototypes were
designed and built for 866 MHz and 2.4 GHz frequencies. The photographs of the
two prototypes are shown in Fig. 11.
Fig. 12 shows the measured reflection coefficients of the prototypes. The reflec-
tion coefficients are measured at a very low power level to ensure the operation in
the small signal region. The best matching is obtained at 1.2 GHz and 2.1 GHz.
The shifts of the matching frequencies as compared to designed matching frequen-
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Figure 11: Photographs of the two prototypes for 866 MHz (a) and 2.4 GHz (b).
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Figure 12: Measured reflection coefficients of the prototypes for 866 MHz (a) and
2.4 GHz (b).
cies are mainly due to the parasitic capacitances of the lumped inductors that were
neglected in the AWR simulation, the rounded up components that exist in the de-
signer sample kit, and the alignment inaccuracies in placing the components on the
PCB.
3.3 Measurement setup of the first prototypes
The intermodulation responses for 1.2 GHz and 2.1 GHz are measured with a net-
work analyser (Agilent, N5245A). The measurement is carried out under SMC Setup
(Scalar Mixer Converter) in the menu of Response of the VNA. Table 1 shows the
measurement frequencies and power for 1.2 GHz and 2.1 GHz prototypes.
Fig. 13 shows the layout of the measurement setup. The fundamental tones
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Table 1: Measurement parameters for 1.2 GHz and 2.1 GHz prototypes.
1st Fundamental frequency f1 = 1.2 GHz f1 = 2.1 GHz
2nd Fundamental frequency f2 = 1.21474 · · · f2 = 2.11599 · · ·
· · · 1.21476 GHz · · · 2.11601 GHz
Difference frequency f∆ = 14.74 · · · f∆ = 15.99 · · ·
· · · 14.76 MHz · · · 16.01 MHz
Oscillation frequency of
quartz crystal fo = 14.7456 MHz fo = 16.0000 MHz
Input power P1 = P2 = –11 dBm P1 = P2 = –11 dBm
Figure 13: Schematic layout of wired measurement setup for measuring the inter-
modulation response of the sensor.
at f1 and f2 fed from Port 1 and Port 3 are combined together with the power
combiner (Narda, 4321-2 at 1.2 GHz and Narda, 4321-4 at 2.1 GHz), and then fed
to the sensor through the circulator (Western Microwave, 3JC-1020 at 1.2 GHz and
Ditom, D3C2040 at 2.1GHz). The intermodulation signal reflected from the sensor
is fed to Port 2 of the VNA through the circulator.
In this experiment, a varactor (voltage controlled capacitor) is used to represent
a capacitive sensor element. A varactor was chosen because its capacitance can
be precisely controlled with an external DC-voltage. The varactor is biased by a
DC power source whose supply voltage is monitored by the power meter (Agilent
34401A). The wired measurement setup for 1.2 GHz is shown in Fig. 14.
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Figure 14: Photograph of the measurement setup for 1.2 GHz.
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3.4 Power calibration
3.4.1 Measurement setup for power calibration
VNA was calibrated to the SMA–connectors of ports 1, 2 and 3 according to the
standard calibration procedure. Power calibration to the sensor was done by post–
processing the measured results using the measured attenuation values for the cables,
power combiner, and circulator. Phase calibration to the sensor was not performed
because absolute phase is not relevant in the experiment.
Power 
combinerVNA
Circulator
Agilent 
N5245A
1
Port 1
Port 2
Port 3
2
3
50Ω load
(a) Attenuation from VNA to sensor
Power 
combiner
VNA
Circulator
Agilent 
N5245A
1
Port 1
Port 2
Port 3 2
3
50Ω load
(b) Attenuation from sensor to VNA
Figure 15: Power calibration setups.
The power calibration setup is shown in Fig. 15. Attenuation from port 1 to
sensor Lport1−sensor ( 1S21 ) and from port 3 to sensor Lport3−sensor (
1
S23
) are measured
from VNA port 1 and 3 to the sensor through the power combiner and circulator
respectively using the setup in Fig. 15(a). Lsensor−port2 ( 1S32 ) is the attenuation of the
intermodulation signal reflected from the sensor to the Port 2 of the VNA through
the circulator, which is shown in Fig. 15(b). A photograph of the attenuation
measurement is given in Fig. 16.
The measured attenuation values are shown in Table 2.
Table 2: Result of the attenuation of the sensor setup.
.
S21 −Lport1−sensor −4.8 dB
S23 −Lport3−sensor −4.9 dB
S32 −Lsensor−port2 −0.97 dB
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Figure 16: Photograph of the attenuation measurement from sensor to VNA.
3.4.2 Calculation of the power calibrated intermodulation response
In the following, we derive an equation for calculating the power calibrated inter-
modulation (IM) response SIM,calibrated from the measured intermodulation (IM)
response SIM,measured.
The IM response measured by the VNA is defined as the power received at port
2, PV NA,received, divided by the power transmitted from port 1, PV NA,transmitted1,
namely
|SIM,measured|2 = PV NA,received
PV NA,transmitted1
. (3.1)
The calibrated intermodulation response SIM,calibrated is defined as the power re-
flected from the sensor, Psensor,reflected, divided by the power received by the sensor,
Psensor,received,
|SIM,calibrated|2 = Psensor,reflected
Psensor,received
. (3.2)
As presented in Table 1, VNA power transmitted from Port 1 and Port 3 are both
20
-11 dBm,
PV NA,transmitted1 = PV NA,transmitted3 = −11 dBm. (3.3)
The power received by the sensor is the power transmitted from port 1 and port 3
and attenuated by the setup
Psensor,received =
PV NA,transmitted1
Lport1−sensor
+
PV NA,transmitted3
Lport3−sensor
, (3.4)
and the power reflected by the sensor is the power received by the VNA and multi-
plied by the attenuation from the sensor to VNA
Psensor,reflected = PV NA,receivedLsensor−port2. (3.5)
The calibrated intermodulation response is obtained by substituting (3.1), (3.3),
(3.4) and (3.5) into (3.2)
|SIM,calibrated| = |SIM,measured|
√√√√√ Lsensor−port21
Lport1−sensor
+
1
Lport3−sensor
. (3.6)
3.5 Fitting of the capacitance of the varactor
In the measurement, a varactor (NXP Semiconductor, BB149A) is used to represent
a capacitive sensor element in the prototype. The intermodulation (IM) responses
are measured at different varactor capacitances, which are controlled with an ex-
ternal DC voltage source. The product data sheet [39] specities some discrete C-V
values. The voltage–dependent junction capacitance of the varactor is assumed to
follow [38]
Cj(Vj) =
Cj0
(1 +
|Vj|
Φ
)
γ , (3.7)
where Cj(Vj) is the capacitance when the voltage across the varactor is |Vj|, Cj0 is
the junction capacitance at a zero bias, γ is the profile parameter for the depletion
capacitance and Φ is a junction potential. A fitted capacitance–voltage curve and
21
the parameters providing the best fit are shown in Fig. 17.
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Figure 17: Measured and fitted capacitance as a function of voltage across the
varactor.
3.6 Equation for the relative read–out resolution
The relative read–out resolution defines the smallest relative change in the sensor
capacitance that can be detected by the reader. Ideally, the resolution should be as
high as possible to enable accurate measurements across large distances.
The following derives an equation for predicting the read–out resolution from
the measured sensitivity of the sensor. According to the Friis free space equation
[40], the input power received by the sensor is
PIN = PtGrGs(
λ
4pir
)2, (3.8)
where Pt is the power transmitted by the reader, Gr is the gain of the reader antenna,
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Gs is the gain of the sensor antenna, λ is the wavelength and r is the distance between
the sensor and the reader. The voltage across the antenna at the intermodulation
frequency is
VIM = |SIM |VA, (3.9)
where SIM =
VIM
VA
, VA is the voltage received by the sensor antenna [18]
VA = 2
√
2RAPtGrGs(
λ
4pir
)e−j
2pir
λ (sinω1t+ sinω2t). (3.10)
Hence, the power radiated by the sensor antenna at the intermodulation frequency
is
Prad =
(VIM)
2
2RA
= 4S2IMPtGrGs(
λ
4pir
)2, (3.11)
and the power received by the reader antenna at the intermodulation frequency is
PR = 4S
2
IMPtG
2
rG
2
s(
λ
4pir
)4. (3.12)
At the small–signal region, the power at the intermodulation frequency is known to
be proportional to the third power of input power
PIM ∼ P 3IN . (3.13)
By substituting the relationship of voltage and power into (3.13), the relationship
of voltages at the intermodulation frequency and the input frequency is presented
as
VIM ∼ V 3IN . (3.14)
The intermodulation response is obtained by taking (3.14) into account.
SIM(PIN) =
VIM
VIN
∼ V 2IN . (3.15)
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According to (3.15), the intermodulation response is proportional to the input power:
SIM(PIN) ∼ PIN . (3.16)
The intermodulation response of the prototype is measured at power PIN(ref).
Taking the power dependence into account, the response for arbitrary power in the
small-signal region is given as
SIM(PIN) = SIM(ref)
PIN
PIN(ref)
. (3.17)
By substituting (3.8) and (3.17) into (3.12), we obtain the power received by the
reader antenna at the intermodulation frequency as
PR,IM = 4P
3
t G
4
rG
4
s(
λ
4pir
)8
|SIM(ref)|2
P 2IN(ref)
. (3.18)
The change of the power received at the reader antenna is due to the change of the
capacitance of the sensor element:
∆PR,IM = 4P
3
t G
4
rG
4
s(
λ
4pir
)8
1
P 2IN(ref)
|∂SIM(ref)
∂Cs
∆Cs|2. (3.19)
Change of the power can be detected only if ∆PR,IM is greater than the receiver
noise power PNoise, we get the detection limit by setting
∆PR,IM = PNoise. (3.20)
Substituting Eq.(3.20) into Eq.(3.19), we get
∆C =
1
|∂SIM(ref)
∂Cs
|
√
PNoiseP 2IN(ref)
4P 3t G
4
rG
4
s
(
4pir
λ
)8, (3.21)
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and the relative read–out resolution ∆CCs
is given as
∆C
Cs
=
1
|∂SIM(ref)
∂Cs
Cs|
PIN(ref)
2G2rG
2
s
(
4pir
λ
)4
√
PNoise
P 3t
. (3.22)
3.7 Experiments
3.7.1 Measured intermodulation response
Fig. 18 shows intermodulation responses measured under different DC–biases of the
sensor varactor. By changing the voltage across the varactor from 0 V to 10 V, at
a step of 0.l V, 100 data samples are obtained.
As the voltage changes from 0 V to 10 V, the capacitance of the varactor changes
from 26 pF to 5 pF (see Fig. 17), resulting in the resonance frequency shifting from
lower frequency to higher frequency as shown in Fig. 18. The intermodulation
response in Fig. 18(b) is not as strong as in Fig. 18(a). The reason might be that
when I made this prototype, I mistakenly dropped some solder on the mixing diode.
Although most of solder on the mixing diode was cleaned, some solder was still left
and made the performance worse.
3.7.2 Sensitivity of intermodulation response based on the data of the
measurement
According to (3.22), PIN(ref), Gr, Gs, PNoise, and Pt are the parameters which re-
main constant once the sensor system is manufactured, and (4pir
λ
)4 is the FSPL (Free
Space Path Loss) [42] for the signal transmitted and received by the reader device.
Hence the relative read–out resolution ∆C
Cs
is proportional to the reciprocal of the
intermodulation sensitivity
∆C
Cs
∼ 1
|∂SIM(ref)
∂Cs
Cs|
. (3.23)
From the 100 data samples for 1.2 GHz and 2.1 GHz prototypes, the intermod-
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ulation sensitivity |dSIM(ref)
dCs
Cs| is calculated and plotted. Fig. 19 is a 2D plot of
the intermodulation sensitivity as a function of the voltage across the varactor in
X -axis and the offset from the oscillation frequency of the quartz crystals in Y -axis.
The blue parts of the figure are the areas outside the resonance. As shown in Fig.
19(a) and 19(b), the resonance for both increases with an increasing voltage from 0
V to 10 V, and when the voltage across the varactor is around 9 V, the intermod-
ulation sensitivity |dSIM(ref)
dCs
Cs| reaches its maximum at its resonance frequency.
Fig. 20 shows the intermodulation resolution as a function of capacitance of the
varactor. The red curve in the figure shows the maximum intermodulation resolu-
tion for each capacitance of the varactor. The blue areas are the collection of all the
intermodulation resolution data in Fig. 19.
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Figure 18: Intermodulation response of different voltages across the varactor.
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Figure 19: 2D plot of intermodulation sensitivity as a function of the voltage across
the varactor (X -axis) and the offset from the oscillation frequency of the quartz
crystals (Y -axis).
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Figure 20: Intermodulation sensitivity as a function of capacitance of the varactor.
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3.7.3 Theoretical read–out resolution based on the prototype measure-
ments
According to (3.23), the best resolution, or the smallest detectable relative change,
is obtained when the intermodulation sensitivity is as high as possible. As shown
in Fig. 19 and Fig. 20, the intermodulation sensitivity reaches its maximum when
the capacitance is around 7 pF and the voltages around 9 V. The relative read–out
resolution can be evaluated based on some typical values for the parameters of the
sensor systems.
Since the performance of 2.1 GHz prototype is relatively poor due to the man-
ufacturing process, only the read–out resolution of 1.2 GHz prototype is evaluated.
Table 3 gives the parameters for a typical sensor system.
Table 3: Parameters of a sensor system.
Operating frequency f = 1.2 GHz
Wavelength λ = 0.25 m
Transmitted power Pt = 24 dBm
Reader antenna gain Gr = 10 dBi
Sensor antenna gain Gs = 3 dBi
Reference power PIN(ref) = −11 dBm
Noise power PNoise = −120 dBm
Intermodulation sensitivity |∂SIM(ref)
∂Cs
Cs|max = 0.19
By substituting the parameters in Table 3 into (3.22), the typical relative read–
out resolution ∆C
Cs
is obtained and plotted in Fig. 21.
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Figure 21: Relative read–out resolution of a typical 1.2 GHz prototype.
The theoretical read–out resolution in Fig. 21 shows that the sensor system is
extremely sensitive up to 5 meters (resolution better than 0.1%). When the distance
increases up to 10 meters, 1% change of the capacitance can still be detected. Hence,
it seems that the intermodulation sensor can offer a large read-out distance and good
resolution required in the Zero Power project.
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4 Optimization of the sensor platform
The objective in this section is to optimize the sensor platform components values
and design conjugate matched antenna to the sensor platform (shown as ZA = Z
∗
S
in Fig. 22) to provide the best resolution at 866MHz.
Rd
Vj
Varactor 
diode
Low-frequency 
resonance circuit
Optimized 
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Quartz  
crystal
Sensor element
Optimized Sensor PlatformZA ZS
Figure 22: Antenna structure and electrical equivalent circuit for the optimized
sensor platform.
4.1 Optimization of the sensor components values
Let us consider the equivalent circuit shown in Fig. 23. The voltage backscattered
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Figure 23: Equivalent circuit for the optimized sensor.
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from the sensor platform to the antenna is given as [19]
Vg,ωIM =
1
4
V 3g S
2
jg(ω1)Sjg(ω2)Zn(ωIM)Sgj(ωIM)[
α
2Rj
+
jωIMCj0γ(γ + 1)
2Φ2
−
ω1ωIMC
2
j0γ
2Zn(2ω1)
2Φ2
+ (
α
Rj
+
jω∆Cj0γ
Φ
)
jωIMCj0γZn(ω∆)
Φ
] sin(ωIM t),
(4.1)
where Vg = 2
√
2PINRg(sinω1t + sinω2t) is the received voltage by the sensor an-
tenna, in which PIN is the received power at each frequency, Rg is the antenna
impedance, Sjg is the voltage transfer function from antenna to the junction of the
diode, Sgj is the voltage transfer function from the junction of the diode to the
antenna, α = q/nkT where q is the elementary charge, n is the ideality factor, k is
the Boltzmann’s constant and T is the temperature, Rj = 1/αIs is the junction re-
sistance at zero bias, Is is a saturation current, Cj0 is a junction capacitance at zero
bias, γ is the profile parameter, and Φ is a junction potential, Zn is the impedance
across the diode junction. The sensor platform receives the two fundamental fre-
quencies ω1 and ω2, and replies at the intermodulation frequency ωIM = 2ω1 − ω2,
ω∆ = ω2−ω1 is the difference frequency which is close to the resonance frequency of
the quartz crystal in Fig. 23. Since the difference frequency ω∆ is so small compared
to the carrier frequency, it is assumed that ωRF ≈ ω1 ≈ ω2 ≈ ωIM . By substitut-
ing this and (2.1) into (4.1), the effective output voltage at the intermodulation
frequency, Vg,ωIM , normalized to the antenna resistance, is obtained as
V˜g,ωIM√
Rg
= 4P
3/2
in RgS
3
jg(ωRF )Zn(ωRF )Sgj(ωRF )[
α
2Rj
+
jωRFCj0γ(γ + 1)
2Φ2
−
ω2RFC
2
j0γ
2Zn(2ωRF )
2Φ2
+ (
α
Rj
+
jω∆Cj0γ
Φ
)
jωRFCj0γZn(ω∆)
Φ
],
(4.2)
Let us consider a capacitive sensor with a relative sensitivity β towards a mea-
sured physical quantity x
βx = (
δCs
Cs
)/(
δx
x
), (4.3)
where Cs is the capacitance of the sensor. Let us further assume that a sensor
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capacitance only affects Zn(ω∆) in (4.2). The voltage change at the intermodulation
frequency due to the change in the measure physical quantity is
∆V˜g,ωIM√
Rg
=
δV˜g,ωIM√
RgδCs
βxCs
x
∆x =
− 4P 3/2in RgS3jg(ωRF )Zn(ωRF )Sgj(ωRF )
ω∆ωRFC
2
j0γ
2
Φ2
δZn(ω∆)
δCs
Csβx
∆x
x
,
(4.4)
where the capacitive nonlinearity is assumed to contribute much more to the mixing
than the resistive nonlinearity, which means
α
Rj
 ω∆Cj0γ
Φ
. (4.5)
The expression of (4.4) can be used to predict an achievable read-out resolution of
the sensor and for optimizing the sensor structure.
Consider the simplified electrical equivalent circuit for the sensor shown in Fig.
23. The sensor is connected with a conjugate matched antenna whose internal
resistance is Rg and inductance is Lg. Resistance Ri represents losses of the matching
inductance Lg, and Cm is used as a high pass filter. Rd represents losses of the total
dissipations of the diode. An ideal low pass filter is assumed to prevent RF signal
from accessing to the quartz crystal and sensor element.
Obviously, the highest sensitivity is achieved when the antenna is matched to
the losses of the matching circuit and the diode, which is,
Rg = Ri +Rd, (4.6)
jωRFLg +
1
jωRFCm
+
1
jωRFCj
= 0⇒ Lg = Cm + Cj
ω2RFCmCj
. (4.7)
The current of the circuit I is calculated as
I =
Vg
Rg +Ri +Rd
, (4.8)
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and the voltage across the diode Cj is presented as
Vj =
I
jωRFCj
. (4.9)
The voltage transfer function Sjg is defined as
Sjg =
Vj
Vg
. (4.10)
Since the resistance of the inductance can be presented by its quality factor Qm
Ri =
ωRFLg
Ri
, (4.11)
the voltage transfer function Sjg can be calculated by substituting (4.6), (4.7), (4.8),
(4.9), and (4.11) into (4.10)
Sjg =
Vg
2(
Cj + Cm
CjCm
+
1
Qm
)
, (4.12)
where Qd =
1
ωRFCjRd
is the quality factor of the diode.
Now let us consider the circuit at the RF frequency. Since a perfect low pass
filter in Fig. 23 is assumed to simplify the analysis, the electrical equivalent circuit
shown in Fig. 24 is obtained.
The impedance of the equivalent Norton source is given as
Zn =
1
jωCj +
1
Rd +Ri +Rg + jωLg +
1
jωCm
, (4.13)
the impedance of the backscatter circuit (shown in Fig. 24) is given as
Zb = Rg + jωLg +Rd +Ri +
1
jωCm
, (4.14)
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Figure 24: Equivalent circuit at RF frequency ωRF .
and the current ib on the backscatter circuit is calculated as
ib =
Vj
Zb
. (4.15)
Thus the voltage backscattered from the diode to the antenna is
Vg = ibRg. (4.16)
Taking (4.6), (4.7), (4.13), (4.14), (4.15), and (4.16) into consideration, the voltage
transfer function with the impedance of the Norton source SjgZN can be derived as
SjgZn =
Vg
Vj
Zn
=
Rg
jωCj(Rg +Ri +Rd)− Cj+CmCm +
Cj
Cm
+ 1
=
1
2jωCj
.
(4.17)
Since the received signal by the antenna is so small that the sensor works at the
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small signal range, Cj can be considered approximately equal to Cj0
Cj ≈ Cj0. (4.18)
Hence, by taking (4.12), (4.19), and (4.18) into account, equation (4.4) can be
rewritten as
∆V˜g,ωIM√
Rg
=
jP
3/2
in
4
1
(
Cj + Cm
CmQm
+
1
Qd
)2
ω∆γ
2
ωRFΦ2
δZn(ω∆)
δCs
Csβx
∆x
x
. (4.19)
The equivalent circuit at the difference frequency ω∆ is shown in Fig. 25. To simplify
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Figure 25: Equivalent circuit at difference frequency ω∆.
the circuit analysis, the equivalent circuit in Fig. 25 can be transformed to a circuit
which only consists of parallel components if the capacitances and quality factors
remain the same. The transformed equivalent circuit is shown in Fig. 26. The
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Figure 26: Transformed equivalent circuit at difference frequency ω∆.
admittance Yn of the circuit in Fig. 26 can be written as
Yn(ω∆) = jω∆(Cm + Cj + Cs + Co) +Gm +Gd +Gs +
1
Rq + jω∆Lq +
1
jω∆Cq
= jω∆(Cm + Cj + Cs + Co) +
ω∆Cm
Qm
+
ω∆Cj
Qd
+
ω∆Cs
Qs
+
Rq − j(ω∆Lq − 1
ω∆Cq
)
R2q + (ω∆Lq −
1
ω∆Cq
)2
.
(4.20)
Yn(ω∆) is real at the resonance frequency:
ω∆(Cm + Cj + Cs + Co)−
(ω∆Lq − 1ω∆Cq )
R2q + (ω∆Lq −
1
ω∆Cq
)2
= 0, (4.21)
so Yn can be rewritten as
Yn(ω∆) =
ω∆Cm
Qm
+
ω∆Cj
Qd
+
ω∆Cs
Qs
+
Rq
R2q + (ω∆Lq −
1
ω∆Cq
)2
. (4.22)
Aussme ωLq − 1ωCq  Rq, and substituting this into (4.21) and (4.22), the admit-
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tance Yn is given as
Yn(ω∆) =
ω∆Cm
Qm
+
ω∆Cj
Qd
+
ω∆Cs
Qs
+Rgω
2
∆(Cm + Cj + Cs + Co)
2. (4.23)
The term
δZn(ω∆)
δCs
in (4.19) can be represented by Yn
δZn(ω∆)
δCs
=
δ(1/Yn(ω∆))
δCs
= −
jω∆ +
ω∆
Qs
Y 2n
≈ −jω∆
Y 2n
. (4.24)
Finally, by substituting (4.23) and (4.24) into (4.19), we obtain
∆V˜g,ωIM√
Rg
=
P
3/2
in
4
1
(
Cj + Cm
CmQm
+
1
Qd
)2
·
Cs
(Cm
Qm
+
Cj
Qd
+ Cs
Qs
+Rgω∆(Cm + Cj + Cs + Co)2)2
γ2
ωRFΦ2
βx
∆x
x
.
(4.25)
This equation can be used to maximize the read out sensitivity by optimizing the
capacitances when the quality factors of different components are given.
According to (4.25), the highest sensitivity is achieved when Cj approaches zero.
This is because we neglected parasitic capacitance in parallel with the junction and
assumed a conjugate match between the antenna and the diode. Hence, we first
fix the junction capacitance and then optimize Cm, Cs, and Co to get the highest
sensitivity. The junction capacitance should be selected so that a low-loss conjugate
matching can be realized at the desired carrier frequency.
The optimized circuit based on (4.25) is shown as Fig. 27. The elements have
already been rounded to closest available component values. The elements are ar-
ranged symmetrically in this circuit such that the sensor can be biased using dif-
ferential input to improve interference rejection in tests in the anechoic chamber.
The 2 pF capacitors are used as high pass filter which allow the RF signals transmit
between the sensor platform and antenna and block the low frequency signal from
transmitting back to the antenna directly. The 470 nH inductors are used as low
pass filters to prevent RF signal accessing the crystal. The 330 pF capacitors act
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Figure 27: Achievable optimized equivalent circuits for Zero Power sensor.
as DC blocks. Two 10 MΩ resistors are used to block the large capacitance in the
DC source. SKYWORKS SMV1430-079LF is chosen as the mixing diode because
a low-loss conjugate matching is straightforward to realize at the carrier frequency.
Based on Fig. 27, a prototype of the sensor platform is manufactured. A photograph
is shown in Fig. 28.
Figure 28: Photograph of the Zero Power sensor platform.
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4.2 Impedance of the optimized sensor
The impedance of the sensor platform in Fig. 28 is measured using the VNA. Three
calibration standards are used to shift the reference plane to the antenna feed (shown
in Fig. 29). The measured sensor impedance after the calibration is 13.3-j214 Ω at
Open Through 50 Ohms Load
Reference plane of VNA
Figure 29: Photograph of the calibration standards.
866 MHz.
4.3 Optimization of the sensor antenna
Generally, to maximize the power delivered between the antenna and sensor plat-
form, an antenna is designed to be conjugate matched to the impedance of sensor
platform so that separate matching circuits are not needed [43]. Hence, the antenna
impedance should be 13.3+j214 Ω at 866 MHz.
Inductive antennas are mainly studied and used in RFID tags [44]. One possible
antenna structure is shown in Fig. 30. The loop in the antenna structure contributes
to inductance. By adjusting the length of the dipole a and b, and the length of the
loop c in Fig. 30, the objective impedance can be achieved. The antenna simulation
is carried out in HFSS 14.0, and ROGERS RO4359B is used as the substrate for
the antenna structure.
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b
d
Figure 30: Antenna structure of Zero Power sensor platform.
Figure 31: Simulated antenna structure providing the best matching to Zero Power
sensor impedance.
Antenna impedance is simulated using different values for parameters a, b, and
c. The best matching and the parameters for the best matching are shown in Fig.
42
31.The simulated antenna impedance for this antenna structure is 12.98+ j212.44
Ω. Fig. 32 shows the 3D plot of antenna gain, which is 1.97 dB at the direction of
Z-axis. The antenna structure is manufactured at VTT and a photograph of it is
shown in Fig. 33.
Figure 32: 3D plot of the Zero Power antenna gain.
Measurement of the antenna impedance with a VNA turned out to be challenging
because the antenna is a balanced structure while VNA port is unbalanced. First
we used a quarter-wave balun, which is shown in Fig. 33. Because the balun is not
Figure 33: Photograph of the Zero Power sensor antenna.
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Figure 34: Photograph of the optimized sensor prototype.
designed exactly for 866 MHz and there is still part of the cable not shielded by the
balun, the measured impedance did still not match exactly to the simulated one.
Since we do not have the right instrument to measure the impedance, we decide to
rely on simulations and characterize the sensor performance by the intermodulation
response measurements afterwards. Finally, the sensor platform and the antenna
are combined together and manufactured, which is shown in Fig. 34.
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5 Performance of the optimized Zero Power sen-
sor
5.1 Measurement setup
The measurement setup for the optimized Zero Power sensor is shown in Fig. 35.
Power 
combiner
VNA
Circulator
Agilent 
N5245A
Port 1
Port 2
DC-source
Port 3
1 2
3
ƒ1
ƒIM
ƒ2
Patch antenna
Anechoic 
chamber
ƒ1 ,ƒ2
ƒIM
Figure 35: Schematic layout of the optimized Zero Power sensor prototype.
The fundamental tones at f1 and f2 fed from Port 1 and Port 3 of the VNA
(Agilent, N5245A) are combined together with the power combiner (Mini-Circuits,
ZFSC-2-2-S), and then fed to the reader patch antenna (Standard Patch Antenna
800-1000 MHz) through the circulator (Voyantic, Circulator V2.0). The intermodu-
lation signal reflected from the sensor is received by the reader patch antenna then
fed to Port 2 of the VNA through the circulator. A photograph of the wireless mea-
surement is shown in Fig. 36. Table 4 collects all the parameters of the measurement
setup for the optimized Zero Power sensor.
5.2 Fitting of the capacitance of the varactor
SKYWORKS SMV1413-079LF is chosen to be the capacitive sensor element to
obtain the best read-out resolution. The voltage-dependent junction capacitance is
obtained by fitting (3.7) to the C-V values of the data sheet [45]. C-V values of
the data sheet are shown with the fitted model in Fig. 37.
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Figure 36: Photograph of the measurement setup for the optimized Zero Power
sensor.
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Figure 37: Fitted capacitance as a function of voltage across the varactor.
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Table 4: Measurement parameters for the optimized Zero Power sensor prototype.
1st Fundamental frequency f1 = 895 MHz
2nd Fundamental frequency f2 =896.99 MHz· · ·
· · · 897.01 MHz
Difference frequency f∆ =1.99 MHz· · ·
· · · 2.01 MHz
Oscillation frequency of the
quartz crystal fo = 2 MHz
Input power P1 = P2 = 10 dBm
Bias voltage Vj = 0 V · · · 30 V
Bias voltage step Vstep = 0.1 V
Wavelength λ = 0.335 m
Transmitted power Pt = 24 dBm
Reader patch antenna gain Gr = 8 dBi
Sensor antenna gain Gs = 1.97 dBi
Distance between the sensor
prototype and reader antenna d = 35 cm
Noise power PNoise = −120 dBm
5.3 Experiments of the optimized Zero Power sensor
5.3.1 Carrier frequency sweep
Matching between the antenna and the sensor is studied by measuring the IM re-
sponse at different carrier frequencies. In these measurements, the sensor is unbiased
and the difference frequency is kept f∆ = 2 MHz. The best matching is obtained at
895 MHz (see Fig. 38).
5.3.2 Intermodulation response as a function of difference frequency
Capacitance sensitivity of the sensor is studied by measuring the sensor responses
with differently biased varactor. The varactor is biased with voltages from 0 V to 30
V, at a step of 0.1 V. In Fig. 39, all the samples has been partial enlarged arround
the resonance frequency. From Fig. 39, the same law of the frequency shift caused
by the bias voltage is observed as in case of the previous prototypes.
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Figure 38: Matching of the sensor platform and antenna at different carrier frequen-
cies.
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Figure 39: Intermodulation response at frequency f∆ as a function of bias voltages.
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Figure 40: 2D plot of intermodulation sensitivity as a function of the voltage across
the varactor (X -axis) and the offset from 2 MHz (Y -axis).
5.3.3 Intermodulation sensitivity
The intermodulation sensitivity |dSIM(ref)
dCs
Cs| is calculated and plotted. Fig. 40.
is a 2D plot of the intermodulation sensitivity as a function of the voltage across
the varactor in X-axis and the intermodulation frequency in Y-axis. The white
parts of the figure are the areas outside the resonance. As is shown in Fig. 40,
the intermodulation sensitivity is very high at all bias voltages, and when the bias
voltage is 4.9 V, the intermodulation sensitivity reaches its maximum, which is
0.3202. Table 5 is a comparison for the performance of the optimized sensor and 1.2
GHz prototype.
Table 5: Comparison for the optimized sensor and 1.2 GHz sensor.
Optimized Zero Power sensor 1.2 GHz sensor
Intermodulation sensitivity 0.3202 0.19
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From the result, the intermodulation sensitivity is about 68% higher than that
of the previous 1.2 GHz sensor. Hence, it can be concluded that the optimization
of the Zero Power sensor is successful.
5.4 Read-out resolution
Let us assume a measurement in free space. Since the difference of the intermodu-
lation resolution at different distances is only caused by the FSPL (Free Space Path
Loss), there is no need to repeat the measurement at all distances. Instead, the
intermodulation resolution can be predicted by using the measured intermodulation
response.
By substituting the intermodulation sensitivity and the parameters in Table 4
into (3.22), the achievable read-out resolution is calculated and plotted in Fig. 41.
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Figure 41: Read-out resolution of the optimized Zero Power sensor.
The achievable read-out resolution in Fig. 41 shows that when the distance
increases up to 13 meters, 1 % change of the capacitance can still be detected. Note
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that even higher resolution can be achieved using other antennas or more sensitive
reader device.
5.5 ECG measurement
A wireless ECG (Electrocardiography) measurement is demonstrated with the sen-
sor. The heartbeat generates a small voltage on the skin of the chest (several
millivolts), which changes the capacitance of the varactor and the output of the
intermodulation response.
Fig. 42 shows the ECG measurement setup. The sensor is located in the anechoic
chamber, and two copper patches are attached to the human body near the heart.
The reader VNA setup is kept the same as in the previous measurement for the
optimized sensor except that the time domain is used so that the heartbeat can be
recorded directly in time.
Figure 42: ECG measurement setup.
Fig. 43 shows the heartbeat of the Author and another subject (Juho) during
10 seconds, and Fig. 44 illustrates the heartbeat of the Author during 60 seconds.
Fig. 45 shows the same ECG signal as in Fig. 44 after a digital high-pass filter used
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Figure 43: Measured heartbeat in 10 seconds.
to filt out slow variations due to respiration and other muscular activities.
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Figure 44: Measured heartbeat in one minute.
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Figure 45: ECG signals in one minute.
HRV (Heart Rate Variability) is a physiological phenomenon where the time
interval between heart beats varies. HRV is found to correlate with physical and
mental stress. It is measured by the variation in the beat to beat interval. The
heartbeat interval is plotted in Fig. 46. Hence, HRV can be calculated as the time
difference between heart beats, which is show in Fig. 47. The result demonstrates
that the sensor can be used also for wireless HRV measurements.
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6 Conclusion
In this thesis work, theoretical basis for the working principle of the Zero Power sen-
sor is reviewed, and a theory to predict the read-out resolution is established. Based
on the theory, the first wired sensor prototypes are manufactured and experimen-
tally characterized. The achievable read-out resolution is theoretically predicted for
the first time. The measurement and the prediction shows that the sensor based on
the intermodulation principle can offer a large read-out distance and good resolution
required in the Zero Power project to which this thesis contributes.
The optimization theory of the sensor circuit is established and the optimized
values for the capacitances and inductances are obtained. New prototypes with the
optimized circuit are fabricated. Conjugate matched antenna for the sensor is opti-
mized and manufactured. The intermodulation response is measured wirelessly and
the sensitivity of the optimized sensor prototype is experimentally characterized and
compared with that of the first prototype. The comparison shows that the perfor-
mance of the optimized sensor improves 68% as compared to the first prototype.
The achievable read-out resolution is predicted using the measured intermodulation
response of the optimized sensor. Finally, ECG measurement is given as one exam-
ple for the possible applications of the Zero Power sensor. ECG signals are measured
wirelessly, which shows the sensor is sensitive enough for ECG signals and could be
used for HRV monitoring.
In the near future, a sensor antenna with high gain will be designed such that
the resolution can be further improved, and different sensor elements can be plugged
in to fulfill different sensing fields (e.g. pressure, temperature). In the final stage,
the sensor can be integrated into MEMS (microelectromechanical systems) so the
size of the sensor will be highly reduced.
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